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RalA and RalB are GTPases of unknown function and 
are activated by proteins, RalGDS, that interact with 
the active form of another GTPase, Ras. To elucidate Ral 
function, we have searched for proteins interacting with 
an activated form of RalA using the two-hybrid method 
and a Jurkat cell library. We have identified a partial 
cDNA encoding a protein, RLIP1, which binds to acti- 
vated RalA and this binding requires an intact effector 
domain of RalA. Biochemical data with purified RalA 
confirm the genetic results. This protein also bears a 
region of homology with GTPase-activating protein 
(GAP) domains that are involved in the regulation of 
GTPases of the Rho family and, indeed, RLIP1 displays a 
GAP activity acting upon Racl and CDC42, but not 
Rho A. This GAP region is not required for RLIP1 bind- 
ing to Ral. 

The whole cDNA was cloned, and it encodes a 76-kDa 
polypeptide, RLIP76, which also binds RalA. The Rho 
pathway is involved in membrane and cytoskeleton 
modifications after mitogenic stimulation and acts in 
parallel to and synergistically with the Ras pathway. We 
propose that these pathways are linked through a cas- 
cade composed of Ras -> RalGDS -> Ral -> RLIP76 -> 
CDC42/Racl/Rho, allowing modulation of the Rho path- 
way by the Ras pathway. 



Ral proteins are biochemically well characterized GTPases 
whose functions have long remained elusive (I, 2). A potential 
clue was provided by the finding that RalGDS 1 and a RalGDS- 
like protein, which are activators of RalA and RalB (3), inter- 
acts with the activated form of Ras and that this interaction 
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requires the integrity of the Ras effector domain (4-6). Thus 
RalGDS, and therefore Ral proteins, might be involved in 
transducing pathways that signal through Ras. 

In order to decipher Ral function, we have searched for 
proteins that interact with the activated form of RalA. Using a 
two-hybrid method and a mutant of RalA deficient in its in- 
trinsic GTPase activity (RalAV23), we have isolated a partial 
cDNA encoding a protein (RLIP1, Ral interacting protein 1) 
that has characteristics of a Ral effector protein. 

The whole cDNA was isolated and sequenced; it contains an 
ORF encoding a predicted 76-kDa protein (RLIP76) that binds 
RalA. 

Out of the Ral binding region, RLIP76 contains a GAP region 
related to RhoGAP domains and this structural homology re- 
flects a functional homology with a GAP activity acting upon 
CDC42HS and Racl. 

EXPERIMENTAL PROCEDURES 

Two-hybrid Screen— -The two-hybrid system and the Jurkat cells 
library used in this study have already been described (7-9). For LexA 
fusion protein expression, we have used plasmids pBTMll6 or deriva- 
tives with modified polylinkers. When necessary, PCR using Pfu polym- 
erase was performed to generate adequate cloning sites. The bait of our 
screen was a fusion between LexA and a Val-23 mutant of RalA (equiv- 
alent to RasV12) deleted of its 27 C-terminal amino acids 
(RalAV23ACT) supposed to be involved in post-translational modifica- 
tions and membrane localization. This fusion protein was expressed in 
yeast from plasmid pLRTA. LexA fusion proteins expression was 
checked on Western blots with anti-LexA antibodies (a gift from P. 
Moreau, Gif sur Yvette, France). 

Yeast and the two-hybrid procedures were handled according to 
published methods (9, 10). Library plasmids from transformed yeast 
colonies were recovered using HB101 as a recipient strain, selected on 
M9 medium lacking leucine. When mating was used for two-hybrid 
tests, strain L40 was mated with strain AMR70 {MATa, leu2, trpl, his3, 
ade2, URA3.\lexAop-lac2) (a gift from S. Fields). When two-hybrid 
results are presented, we are showing the results of /3-galactosiriase test 
on filter paper. There was no discrepancy between the His auxotrophy 
test and the j3-galactosidase test. 

When required, point mutations were introduced using the Trans- 
former site-directed mutagenesis kit (Clontech). Any DNA fragment 
submitted to mutagenesis and all PCR products were sequenced. 

Gene Expression— Gene expression was analyzed on a multiple tissue 
Northern blot (Clontech) where mRNAs from heart, brain, placenta, 
lung, liver, skeletal muscle, kidney, and pancreas were represented. A 
0-actin cDNA was used as a control. 

cDNA Cloning— 5' -RACE was carried out using 5'-RACE-ready 
cDNA from Clontech and following manufacturer's instructions. Isola- 
tion of cDNA from phage was performed according to usual techniques 
(11). 

In Vitro Transcription/Translation of RUPl—k PCR reaction was 
carried out with pRLIPl as a template and adequate primers. The 5' 
primer contains a T3 RNA polymerase recognition site upstream of an 
ATG initiation codon in frame with RLIP1 (CGAATTAACCCTCACTA- 
AAGAAGGATGGAGATCCTAGAACTAGTCGG) (12). The 3' primer is 
downstream of the stop codon of the amplified fragment (GTAAAAC- 
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GACGGCCAG). 

Transcription and translation in presence of [ 35 S] methionine were 
performed using 1 /Ag of PCR product, and, sequentially, a mRNA 
capping kit and an in vitro translation kit (Stratagene). 

Preparation of Proteins from Escherichia coli and in Vitro Binding 
Experiments— GST and of GST-Ral proteins from E. coli transformed 
with native or recombinant plasmid pGEX-4Tl were prepared following 
classical methods. All buffers contained 5 mM MgCl 2 . For in vitro 
binding studies, 5 /xg of glutathione-Sepharose 4B-bound proteins were 
washed twice in ice-cold binding buffer (20 mM Tris-HCl. pH 7.5. 100 
mM NaCl, 5 mM MgCl 2 , 1 mM Pefabloc, and 0.5% Nonidet P-40) and 
incubated overnight at 4 °C with 1 /il of in vitro translated 35 S-RLIP1 in 
50 /xl of binding buffer containing 0.5 mM GTP (experiments with GST 
and GST-RalAV23), or GDP (in the cases of GST-Ral). After sedimen- 
tation of the beads, the supernatant ("the unbound fraction") was re- 
moved and the beads were washed three times with binding buffer 
containing 1 mM dithiothreitol. "Bound proteins" were recovered by 
boiling the beads in sample buffer. Unbound and bound fractions were 
subjected to SDS-PAGE on a 10% acrylamide gel. After staining with 
Coomassie Blue to detect the GST and GST-Ral proteins, gels were 
treated with Amplify (Amersham Corp.) and dried, and the presence of 
35 S-RLIP 1 was detected by autoradiography. 

In vitro binding studies after guanine nucleotide exchange were 
performed as described above with the following alterations; 10 ^tg of 
glutathione-Sepharose 4B-bound proteins were washed twice in ice-cold 
exchange buffer (20 mM Tris-HCl. pH 7.5, 10 mM EDTA, 5 mM MgCl 2 , 1 
mM dithiothreitol, 1 mM Pefabloc), and incubated for 3 h at 4 °C in 50 jxl 
of exchange buffer containing 90 /im GTP or GDP. The nucleotide 
exchange reaction was stopped by adding MgCl 2 to 20 mM followed by 
two washes with binding buffer containing 20 mM MgCl 2 . 

In all cases, protein concentrations were estimated by Coomassie 
Blue staining of SDS-PAGE gels and adjustments were made for the 
same amount to be used in all experiments. 

Protein Purification and GTP Hydrolysis Assay— RLIP1 was ex- 
pressed as a MBP fusion protein from vector pMal-c2 (New England 
Biolabs). Racl and Bcr-GAP proteins were expressed in E. coli and 
purified as GST fusion proteins, then clipped off with thrombin. CDC42 
was a gift from P. Boquet. [y- 32 P]GTP-bound Racl, CDC42, and Rap2A 
were prepared by incubating 200 nM protein with 25 mM Tris. pH 7.5, 5 
mM EDTA, 0.2 mM MgCl 2 , 0.1 mg/ml bovine serum albumin, 1 mM 
dithiothreitol. 10 mM [-y- 32 P]GTP (2 mCi to 30 Ci/mmol, DuPont NEN) 
in a 50-jil volume for 1 5 min at room temperature. GTP hydrolysis was 
initiated by raising MgCl 2 and GTP to final concentrations of 20 mM and 
200 /iM. respectively. GTP hydrolysis was stopped at different time 
points by addition of 2 ml of 50 mM ice-cold Tris. pH 8, 35 mM MgCl 2 . 1 
mM dithiothreitol, 150 mM NaCl, then quantitated by rapid vacuum 
filtration on BA 85 nitrocellulose filter and radioactivity counting (de- 
rived from Ref. 13). The GTP hydrolysis was conducted as described 
above, but in the presence or absence of Bcr-GAP (400 nM), or MBP- 
RLIP1 (800 nM), and stopped after a 10-min incubation at room 
temperature. 

FISH Analysis— Fluorescence in situ hybridization (FISH) to met- 
aphase chromosomes prepared from a normal male was carried out 
according to an usual technique (14). The probe was a 1.6-kilobase pair 
DNA fragment from one of the inserts isolated during the two-hybrid 
screen. 

Sequence Analysis— We used a Sequenase sequencing kit (Amer- 
sham Corp.) or a deaza-T7-sequencing kit (Pharmacia Biotech Inc.) for 
classical sequencing, or a Dye-deoxy terminator kit (Perkin Elmer) and 
an Applied Biosystems model 3 73 A automatic sequencer. Sequence 
analysis was performed using computer facilities provided by the 
Centre Interuniversitaire de Traitement Informatique (CITI2) (15). 

RESULTS 

Two-hybrid Screen— Around 1,000,000 colonies were 
screened with RalAV23ACT as a "bait" and a Jurkat cells 
library. Two library plasmids, pRLIPl and pRLIP2, were re- 
covered that contained partial cDNAs expressing proteins 
RLIP 1 and RLIP2 (for RRall interacting protein) fused to GAL4 
activation domain, respectively. RLIP1 and RLIP2 interact 
specifically with RalAV23ACT, as opposed to several irrelevant 
proteins (lamin, stathmin (Ref. 16), hSosl (Ref. 17)) (data not 
shown). RLIP2 is a C-terminal part of RLIP1. 

Ral allele dependence of the interaction was checked using 
pRLIPl. RalAV23, RalAV23A46 (an effector domain mutant), 
RalAA26 (which mimics a Ras GDP-blocked mutant), and 
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Fig. 1. Allele-specific interaction of RalA and Racl with 
RLIP1. L40 yeast cells were transformed with pairwise combinations of 
plasmids expressing proteins fused to LexA from a TRP 1 plasmid and 
proteins fused to the activation domain of Gal4 {GAL ADj from a LEU2 
plasmid. Transformed cells were patched on selective medium (DO- 
WL), then replicated on a Whatman No. 40 paper laid on a DO-WL 
plate. After 24 h, a 0-galactosidase activity assay on paper was per- 
formed. In A and B, alleles of RalA and of Racl were expressed as LexA 
fusion proteins, respectively. Western blot analysis has shown that Ral 
alleles are expressed at a similar level, as are Rac alleles (data not 
shown). 



RalAV23A26 were cloned in pBTMl 16. Fig. I A shows the sig- 
nals displayed in a /3-galactosidase test. First, RLIP1 is able to 
interact not only with RalAV23ACT (data not shown) but also 
with RalAV23 and RalAwt. Second, RLIP1 interaction with 
RalAA26 or with RalAV23A26 is undetectable. Since a G26A 
mutation is supposed to block RalA in a GDP-bound state, this 
result suggests that RLIP1 binds to RalA only when this latter 
is bound to GTP and not to GDP. Third, RLIP1 is unable to 
interact with a RalAA46 mutant. Based on sequence and struc- 
ture similarities with c-Ha-Ras, a T46A RalA mutant would 
have an impaired effector domain. This result suggests that 
RalA requires an intact effector domain to bind to RLIP1. It 
also suggests that, in yeast, LexA-Ralwt is, at least in part, in 
the GTP-bound conformation, as is the case for other GTPases 
expressed as LexA fusions (9). 

From these data, it emerges that RLIP1 is a good candidate 
to be an "effector" of RalA function. 

In Vitro Binding— In order to confirm the genetic data, we 
have tested in vitro RLIP1 binding to GST-RalA and GST- 
Ral A V2 3 proteins prepared from E. coli. Around 30% of both 
RalA proteins bind GDP and GTP (data not shown). RLIP1 
cDNA was amplified by PCR. The PCR product was transcribed 
from a T3 promoter sequence included at the 5' end of the 5' 
PCR primer, and translated in vitro. A 35 S-labeled protein of 
apparent molecular mass of 66 kDa was produced (Fig. 2/4). 
Fig. 2B shows that RLIP1 did not bind to GST or to GST-RalA 
but does bind to GST-RalAV23. 

When in vitro guanine nucleotide exchange was performed 
prior to RLIP1 binding, RLIP1 again did not bind to GST. It did 
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not bind GST-RalA or GST-RalAV23 loaded with GDP. It 
bound GST-RalA and, even better, GST-RalAV23 loaded with 
GTP (Fig. 2Q. These data show that RLIPl-RalA interaction is 
not mediated by a yeast protein and are consistent with the 
genetic results, i.e. RLIP1 interacts directly with the GTP- 
bound form of RalA whose effector domain is required. 

RLIP1 Binds Ral but No Other GTPase except Rac—We 
addressed the question whether RLIP1 discriminates among 
GTPases. Table I summarizes the results obtained with the 
two-hybrid method, using different GTPases and pRLIPl. It 
also gives the positive controls used in each case. 

In the Ras superfamily, within the Ras branch (to which 
RalA belongs; Ref. 18), RLIP1 was not able to interact with 
c-Ha-Ras or with RaplA, Rap2A, or Rap2B. However, it does 
interact with RalB. 

In the Rab branch, RLIP1 was not able to interact with Rab5, 
Rab6, Rab7, or Rabl3. 

Finally, in the Rho/Rac branch, we were not able to detect 
any interaction with RhoA, RhoB or RhoG, but RLIP1 is able to 
interact with Racl (Fig. IB). 

This latter interaction was further investigated using Racl 
alleles. Fig. IB shows that RLIP1 is able to interact with 
RaclV12S189 but not with RaclV12Nl7S189, a dominant neg- 
ative mutant blocked in the GDP-bound form, or 
RaclV12A35S189 and RaclV12A38S189, two effector domain 
mutants (19). These results suggest that Racl bound to GTP is 
able to interact with RLIP1 through its effector domain. 

The GAP-like Region Displays a GAP Activity— Sequence 
analysis of RLIP1 (see below) has revealed a region highly 
homologous to GAP regions acting upon GTPases of the Rho 
family. The question whether the region of RLIP that looks like 
a GAP region is a GAP was addressed. RLIP1 was expressed 
fused to MBP from plasmid pMAL-c2. The fused protein was 
purified and assayed for stimulation of the GTPase activity of 
purified CDC42 and Racl, and Rap2A as a control. Fig. 3 shows 
that there is no effect on Rap2A (specificity control), a signifi- 
cant and reproducible effect on Racl and a stronger effect upon 
CDC42. It also shows that this effect is weaker that the one 
obtained with Bcr-GAP protein (positive control) (20). RLIP1 
exhibited no GAP activity upon RhoA (data not shown). 

Molecular Biology of the cDNA— Northern blot analysis re- 

Table I 

Interaction of RLIP1 with different GTPases 
L40 was cotransformed with pairwise combinations of plasmids, one expressing the GTPases listed above as LexA-fusion proteins, the other 
expressing RLIP1 from plasmid pRLIPl isolated during our two-hybrid screen for RalA interacting proteins. Column "Protein expression" refers 
to verification of expression of the fused protein by Western blotting. This verification was carried out during this work or by the referred person. 
ND. not determined. Column "Control by two-hybrid assay" means that the construct used to express the LexA-GTPase fusion protein has 
permitted to detect a specific partner using L40 and a two-hybrid assay. Usually this positive control was assessed by the referred person who was 
the kind donator of the plasmid. 
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vealed that RLIP1 is expressed in all tested tissues as a 4-ki- 
lobase mRNA of low abundance (data not shown). 

Two consecutive rounds of 5 '-RACE were required to obtain 
the full-length cDNA that was also recovered from a skeletal 
muscle cDNA library in AgtlO and from a placenta cDNA li- 
brary in AEXlox. The sequence of the full-length cDNA was 
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Fig. 2. RalA and RLIP1 interact in vitro. A, in vitro synthesized 
35 S-RLIP1 was run on a SDS-PAGE (10% acrylamide) gel. Autoradiog- 
raphy shows that RLIP1 migrates as a 66-kDa protein. Band C, equal 
amounts of 35 S-RLIP were incubated with glutathione-Sepharose beads 
bound to equal amounts of GST, GST-RalA. or GST-RalAV23, preloaded 
(Q or not (£) with GDP or GTP (see "Experimental Procedures'). After 
overnight binding at 4 °C, beads were centrifuged and the supernatant 
removed. Beads were washed three times and boiled in SDS sample 
buffer. Half of the beads (the bound fraction, b) and half of the super- 
natant (the unbound fraction, u) were analyzed by SDS-PAGE followed 
by autoradiography. 
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Fig. 3. GTPase activating activity 
of RLIP1 upon Racl and CDC42. Pu- 
rified Racl, CDC42, and Rap2A proteins 
were loaded with (t- 32 P]GTP, and 
GTPase activity was assessed by a Rlter 
binding assay (30). 100% refers to the ra- 
dioactivity bound to the protein at time 0. 
For each protein, the first column reflects 
the intrinsic GTPase activity, the second 
the GTPase activity in presence of RLIP1. 
For CDC42 and Racl. the third column 
reflects the GTPase activity in presence of 
the GAP region of Bcr, which harbors a 
powerful GAP activity upon Racl and 
CDC42. 
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Fig. 4. Sequence and analysis of 
RLIP76. A, amino acid sequence of 
RLIP76. B, homology between RLIP76 
and GAP domains Both a Blitz homology 
search program (EMBL) and a BLAST 
homology search program (NCBI) aligned 
a region of RLIP76 with domains of pro- 
teins that display a CDC42/Rac/Rho GAP 
activity. The two best scores were ob- 
tained with Bcr-GAP region and />chi- 
maerin, and these alignments are shown 
here. Identical residues are bold, con- 
served residues are indicated by a + on 
the consensus line. Blocks 1, 2, and 3 refer 
to three blocks conserved among proteins 
of this class (22). C, deletion analysis. 
RLIP76 coding region was inserted in 
plasmid pGAD1318, which allows expres- 
sion of GAL4AD fusion proteins. From 
pRLIPl isolated during the screen, differ- 
ent regions were deleted. For each con- 
struct, the junction region was sequenced. 
These plasmids were tested for their abil- 
ity to elicit a positive signal in the two- 
hybrid system in presence of a plasmid 
expressing a LexA-RalA protein or, when 
indicated, a LexA-Racl protein. D, func- 
tional regions. Based on the previous 
analysis {B and Q, two regions can be 
defined functionally: a GAP region from 
residue 210 to 353, and a RalA binding 
region from residue 403 to 499. Compila- 
tion of results from three different pro- 
grams predicting secondary structures 
(31-33) led to this scheme. The two re- 
gions represented by boxes are predicted 
by at least two of the programs to be com- 
posed mainly of a-helices. In addition, 
part of the second region is predicted to be 
superfolded as a coiled-coil structure (32). 



established. 

There is one main reading frame (ORF), from base 224 to 
base 2188, preceded by a correct translation initiation sequence 
(21). Two short ORFs (13 and 3 codons) are found within the 5' 
end of this cDNA but none of them is preceded by a correct 
translation initiation sequence. A 1664-base pair non-coding 



sequence is found 3' to the ORF. 

This ORF encodes a protein made of 655 amino acids and of 
predicted molecular mass 76 kDa that we named RLIP76 (Fig. 
4/1). RLIP1 in plasmid pRLIPl starts at amino acid 185, and 
RLIP2 starts at amino acid 403. 

Data bank comparison revealed that the region extending 
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from amino acid 210 to amino acid 353 shares significant ho- 
mology to regions of proteins bearing a CDC42/Rho/Rac-GAP 
activity, like Bcr, chimaerins, Drosophila rotund, and the Ras- 
GAP-binding protein pi 90 (22). Fig. 4B shows this striking 
homology with Bcr and j>chimaerin. 

Fig. 4 C gives the results obtained with two-hybrid plasmids 
expressing different parts of RLIP76. These results allow def- 
inition of the maximum size of the region required for Ral A 
binding. Together with secondary structure predictions (Fig. 
ADj, the overall structure of RLIP76 can be depicted schemat- 
ically as composed of four regions: an N-terminal region where 
amino acids 65-170 are predicted to be structured in a-helices, 
the GAP-like region (aa 210-353), the Ral binding region (aa 
403-499) predicted to be composed in part of a-helices, and a 
C- terminal region (aa 499-655). Part of this latter region and 
part of the Ral binding region (aa 440-610) are predicted to be 
able to form a coiled-coil structure. 

By FISH analysis of 19 R-banded metaphase cells, RLIP1 
gene was localized on band 18pl 1 (25 chromosomes positive on 
both chromatid out of 38). A minor localization on band 3q26 
was also detected (9 out of 38) that might suggest the existence 
of a related gene (data not shown). 

DISCUSSION 

We have identified a cDNA encoding a protein, RLIP1, that 
is able to interact with RalA and RalB, and which has the 
characteristics of a Ral effector; biochemical data and genetics 
suggest that RLIP1 binds better to Ral-GTP than to Ral-GDP 
and that this interaction requires a functional effector domain. 
According to Northern blot analysis, RLIP1 is ubiquitously 
(but at low levels) expressed, as are Ral and RalGDS, a Ral 
activator (3). 

Although able to discriminate Ral from other GTPases, 
RLIP1 also binds to the active form of Racl. We suppose that 
the molecular avatar of this binding is a GAP-like region whose 
absence impairs interaction with Racl but not with RalA; do- 
mains involved in Rac binding and in Ral binding are physi- 
cally distinct. We also show that the structural homology with 
GAP-like regions reflects a functional homology. RLIP1 is able 
to activate specifically hydrolysis of GTP bound to Racl and to 
CDC42, but not, as expected, to Rap2A. 

The whole cDNA was cloned; it encodes a 76-kDa protein, 
RLIP76, able to bind to RalA as based on a two-hybrid assay. 

These findings raise several questions. Our results allow us 
to conclude that the GAP-like region of RLIP76 displays a bona 
fide GAP activity acting upon CDC42 and Racl. However, this 
GAP activity is rather weak when compared to the GAP activ- 
ity of Bcr tested in parallel. This could be due either to techni- 
cal problems (we do not know how much of purified RLIP is 
active), to structural problems (either a larger part or a smaller 
part of RLIP 7 6 could do better) or to biological constraints (a 
companion protein might increase this activity). These consid- 
erations lead to more questions. What is Ral doing to RLIP76? 
Is it localizing RLIP 76 in the vicinity of its target, as happens 
to be the case for other GTPases involved in the subcellular 
localization of certain effectors (23, 24), and/or is it modulating 
RLIP76-GAP activity? 

Ras and Rho pathways are both activated during mitogenic 
signaling through transmembrane receptors. It is unclear if 
their activation is sequential or parallel, but they seem to work 
synergistically (19, 25-29). The Rho pathway, a cascade of 
GTPases, from CDC42 to Rho passing by Rac, acts upon struc- 
tures involved in cell shape plasticity. Activation of Ras leads to 
several cytoplasmic and nuclear phenomena as well as mem- 
brane modifications. And Ral proteins are potentially switched 



to their active form through interaction of activated Ras with 
Ral activators. We propose that RLIP76 participates in the 
cross- talk between these GTPase cascades, modulating the 
state of activity of the CDC42/Rac/Rho pathway in response to 
Ras activation. 

Finally, regions of RLIP76 seem a priori not to participate in 
the above functions. The a-helix-rich regions, especially the 
coiled-coil region, might be involved in interactions with other 
proteins. Alternatively, the coiled-coil region might participate 
in the homodirnerization of RLIP76. After Ras and subsequent 
Ral activation, Ral binding to RLIP76 could separate the mono- 
mers and render the GAP catalytic region accessible to its 
target. 

It will be of great interest in future RLIP studies to analyze 
the regulation and interplay of the various separate functional 
domains. 
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Ral proteins constitute a distinct family of Ras-related GTPases. Although similar to Ras in amino acid 
sequence, Ral proteins are activated by a unique nucleotide exchange factor and inactivated by a distinct 
GTPase-activating protein. Unlike Ras, they fail to promote transformed foci when activated versions are 
expressed in cells. To identify downstream targets that might mediate a Ral-specific function, we used a 
Saccharomyces cerevisiae-based interaction assay to clone a novel cDNA that encodes a Ral-binding protein 
(RalBPl). RalBPl binds specifically to the active GTP-bound form of RalA and not to a mutant Ral with a 
point mutation in its putative effector domain. In addition to a Ral-binding domain, RalBPl also contains a 
Rho-GTPase-activating protein domain that interacts preferentially with Rho family member CDC42. Since 
CDC42 has been implicated in bud site selection in S. cerevisiae and filopodium formation in mammalian cells, 
Ral may function to modulate the actin cytoskeleton through its interactions with RalBPl. 
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Two closely related Ral proteins (RalA and RalB; 85% 
identical) constitute a distinct family within the Ras superfam- 
ily of GTPases (5). They are among the closest relatives of Ras 
proteins, sharing 58% sequence identity, and have similar over- 
all structural features (15). For example, their affinities for 
guanine nucleotides and intrinsic GTPase activities are com- 
parable. Moreover, mutations in Ral that are comparable to 
oncogenic mutations in Ras also suppress the intrinsic GTPase 
activity in Ral and make the protein resistant to its GTPase- 
activating protein (GAP), Ral-GAP (10). Finally, both Ras and 
Ral are prenylated at the carboxy-terminal CAAX box that 
targets them to the membrane fraction of cells (21). 

Ras and Ral are distinguishable in many respects, however. 
Unlike Ras, Ral does not produce transformed foci of cells 
when it is locked in its active GTP state (13). This difference is 
likely due to the fact that the effector domain of Ral is distinct 
from that of Ras. This 10- to 15-amino-acid (aa) (aa 26 to 45 
in Ras) region present in Ras family members plays an impor- 
tant role in interactions with downstream targets and GAPs. 
Ras and Ral are also regulated by distinct GAPs (10) and 
guanine nucleotide exchange factors that promote the replace- 
ment of bound GDP with GTP on these GTPases (12). Inter- 
estingly, the Ral exchange factor, Ral-GDS, has been shown to 
bind preferentially to the active forms of Ras, RaplA, and 
R-Ras in the Saccharomyces cerevisiae two-hybrid system and 
in vitro (17, 20, 34). This raises the possibility that Ral activa- 
tion constitutes a distinct downstream pathway from Ras. 

The localization of Ral in cells is also different from that of 
Ras. Whereas Ras is found almost exclusively on the internal 
face of the plasma membrane, Ral has a more diverse distri- 
bution. Ral can be found in plasma membrane fractions, but it 
is present primarily in cytoplasmic vesicles, including clathrin- 
coated vesicles and secretory vesicles (2, 9, 36). 

To understand the role of Ral function in cells, we used the 
yeast two-hybrid system to screen for proteins that can bind 
preferentially to the active GTP-bound form of RalA. Here we 
describe some properties of one such protein, termed Ral- 
binding protein 1 (RalBPl). 
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MATERIALS AND METHODS 

Cell culture and transient expression. COS-7 cells were cultured in Dulbecco's 
modified Eagle's medium supplemented with 10% iron-enriched calf serum 
(Hyclone) at 37°C in 5% CO z . Cells were plated at a density oi' ~5 X lO^O- 
mm-diameter plate 1 day before transfection. Adenovirus major late promoter- 
based expression vector pMT3 (35) was used for transient expression of the 
cDNAs in COS-7 cells by the DEAE-dextran method. 

Interaction cloning with the yeast two-hybrid system. For two-hybrid screen- 
ing, ralA (72L, 203S) was subcloned into pAS-CYH2 (Trp marker) (8). This 
vector directs the expression of a fusion protein between the DNA-binding 
domain of GAL4 and the entire RalA protein. A rat brain cDNA library, cloned 
into pACT (4) (kindly provided by I. Macara, University of Vermont), contained 
a total of 5 X 10 6 primary recombinants with an average insert size of 1.5 kb. S. 
cerevisiae Y190 (MATa gal4 gal80 his3 trpl-901 ade2-101 ura3-52 leu2-3,112 
URA3::GAL-lacZ LYS2::GAL-HIS3 cyh r ), expressing the GAL4 DNA-binding 
domain~Ral fusion protein, was transformed with the pACT library (Leu 
marker) with salmon sperm DNA as the carrier, and 2.3 X 10 6 primary trans- 
formants were selected for growth on medium lacking leucine, tryptophan, and 
histidine and containing 30 mM 3-aminotriazole. The plates were incubated at 
30°C for 3 days. Surviving yeast colonies were transferred to nitrocellulose and 
laid onto minimal medium plates containing 5-bromo-4-chloro-3-indolyl-p-D- 
galaclopyranoside (X-Gal) and screened for expression of 0-galaetosidase by 
incubation at 30°C for 1 to 2 days. Blue coloration of a colony was indicative of 
a positive interaction. Of the 200 His + colonies, 15 were also LacZ + . The 15 
His + LacZ + colonies were rescued from the plate and grown in selective me- 
dium. Plasmid DNA was recovered and introduced by elect ropor at ion into 
leucine-dencient Escherichia coli KC8. Transform ants were plated on minimal 
medium lacking leucine so that only transformants carrying the library plasmid 
grew. 

Positives were tested for target specificity by re transformation into reporter 
strain Y190 alone or in conjunction with the Ral-Gal4 DNA-binding domain 
fusion or with different Gal4 DNA-binding domain fusions. Only library plasmids 
that did not activate marker expression in the presence of SNF1, Ras, or Ral49N 
were analyzed further. 

Plasmid construction. pASCYII-Ral72L,203S was constructed as follows. The 
771 -nucleotide EcoRI-//indIII fragment was excised from plasmid placRal72L 
(5). Ram HT linkers were added, and the resulting fragment was subcloned into 
the BamHl site of pGEX3X. The Cys at position 203 was changed to a Ser 
(C203S), and a 3' Sail site was introduced by PCR. A BamHl -Sail RalA frag- 
ment was then cloned into vector pASCYH. An effector domain mutation was 
created by using overlap PCR (19) to change the Asp at position 49 to an Asn 
(D49N). pASCYII-Ras61L186C was constructed as follows. pXCRGIL (14) was 
used as the template for site-directed PCR mutagenesis, which changed Cys-186 
to a Ser (C186S) and generated both 5' and 3' BamHl sites. The resulting 
product was excised by BamWX digestion and subcloned into vector pASCYH. 

Isolation of the complete RalBPl cDNA and sequencing. Additional rat 
RalBPl cDNAs were isolated from an oligo(dT) -primed and randomly primed 
brain library (Clontech) by using the 1.6-kb RalBPl clone isolated from the 
two-hybrid system as a probe. The RalBPl cDNA sequence was determined on 
both strands by the dideoxy-chain termination technique with multiple cDNA 
clones and subclones. 

Northern (RNA) blot analysis. A multiple rat tissue poly(A) RNA blot (Clon- 
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FIG. 1. Specificity of the interaction between RalBPl and Ral in S. cerevisiae. The 1.6-kb cDNA clone (RalBPl) isolated from the two-hybrid screen as a fusion 
with the Gal4 activation domain was used to cotransform reporter strain S. cerevisiae Y190 along with various cDNAs fused to the Gal4 DNA-binding domain. 
Segments: A, RalA72L; B, SNF1; D, Ras61L; E, Ral49N effector mutant. Cotransformation of the DNA-binding domain of Gal4 fused to SNF1 and the activation 
domain of Gal4 fused to SNF4 served as a positive control (segment C). To assay for protein interaction-induced growth, cells were streaked on permissive medium 
(+ His) or on selective medium (- His) containing 3-aminotriazole. The plates were incubated for 2 days and photographed. 



tech) was probed for expression of the RalBPl gene by using randomly primed, 
32 P-labelcd fragments from the 1.6-kb RalBPl cDNA originally isolated from the 
expression library. 

Expression of Ral and RalBPl. Recombinant Ral and Ral49N were subcloned 
into pGEX2T and transformed into E. coli BL21. The bacteria were induced to 
express protein with 0.1 mM isopropyl-0-D-lhiogalaclopyranoside (IPTG) for 4 
h. The fusion proteins were isolated by affinity chromatography on glutathione- 
Sepharose, eluted with elulion buffer (50 mM Tris [pH 8.0], 120 mM NaCl, 20 
mM glutathione), and dialyzcd into phosphate-buffered saline. Full-length 
RalBPl was inserted as a BamHl-EcoRl restriction fragment into an altered 
version of mammalian expression vector pMT3 (35) that contained a modified 
Glu epitope (RMEFMPME) 5' to the cloning site. RalBPl (positions 86 to 626) 
was excised from pACT byATtoI digestion, and 5' BattiHA and 3' EcoRI cleavage 
sites were added by PCR. The resulting fragment was subcloned into the same 
modified pMT3 vector. Glu-tagged RalBPl was affinity purified from transiently 
transacted COS-7 cells by using Scpharosc A beads coated with anti-Glu im- 
munoglobulin G (kindly provided by S. Powers, Onyx Pharm). The RalBPl 
cDNA sequence encoding codons 375 to 626 was amplified by PCR with primers 
that incorporated BamHl and EcoKl restriction sites at the 5' and 3' ends, 
respectively. The amplified products were subcloned into pGEX2T and trans- 
formed into fc". coli BL21. RalBPl (positions 86 to 415), a subfragment of RalBPl 
(positions 86 to 626), was isolated by digestion with BamUl and BgM. It was 
subcloned into pGEX-2T and transformed into E. coli BL21. Recombinant RalA 
and RasH proteins were expressed in and purified from E. coli as described 
previously (11). 

Binding of Ral to RalBPl in vitro. In vitro binding assays were performed with 
GST-RalA or recombinant Ral and either Glu epitope tagged-RalBPl or gluta- 
thiones-transferase (GST)-RalBPl. Glu-tagged RalBPl (-0.2 u,g) bound to 
Sepharose A beads or RalBPl fragments (-1.0 u.g) bound to glutathione-Sepha- 
rose were incubated at 4°C for 3 h with either 0.5 u,g of the nucleotide-bound 
GST-RalA fusion protein or purified RalA, respectively, in 20 mM Tris-HCl (pH 
7.5)-10 mM MgCl^-150 mM NaCI-0.5% Nonidet P-40. Ral proteins were pre- 
loaded with guanine nucleotides by incubation with 1 mM GDP0S or GTP-yS for 
20 min at 37°C in 20 mM Tris-HCl (pH 7.5)-l mM dithiothreitol (DTT)-2 mM 
EDTA-25 mM NaCMO u,g of bovine serum albumin per ml. The reactions were 
stopped by addition of MgCl 2 to a final concentration of 10 mM. The beads were 
washed six times with 1 ml of 20 mM Tris-HCl (pH 7.5)- 10 mM MgCl^O mM 
NaCl-0.5% Nonidet P-40 and denatured in Lacmmli sample buffer. After sep- 
aration in a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel and transfer 
to nitrocellulose, the Ral protein retained on the beads was delected by immu- 
noblolling with anli-Ral antibody. The anli-RalA antibody was prepared by 
injection of rabbits with the GST-RalA fusion protein, followed by affinity pu- 
rification with RalA. Detection was done by chemiluminescence (Amersham) 
with horseradish peroxidase-conjugated anti-rabbit immunoglobulin. As a con- 
trol, equivalent amounts of recombinant Ras, bound to cither GDPfJS or 
GTP^S, were incubated with GST-RalBPl (positions 375 to 627) as described 
above for Ral proteins. Additionally, nucleotide-free Ras was incubated with the 
catalytic domain of Ras-guanine nucleotide-releasing factor (33) bound to glu- 
lathionc-Sepharose. Ras proteins retained on the beads were visualized by im- 
munoblolling with anti-Ras antibody (Upstate Biotechnology, Inc.). 

Immunoblot analysis of RalBPl. GST-RalBPl (positions 86 to 415), described 
above, was purified with glutathionc-Scpharosc and clutcd with 50 mM Tris (pIT 
8.0)-120 mM NaCl-20 mM glutathionc-1 mM DTT and used to immunize 



rabbits. The resulting antiserum and preimmune serum control were used for 
immunoblotting at a dilution of 1:100. Rat brains were fractionated into soluble 
or particulate fractions as follows. The tissue was homogenized in lysis buffer (25 
mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , 1 mM ethylene glycoI-bis((J-aminoethyl 
elher)-7v7vyv''.N'-lelraacelic acid [EGTA], 1 mM DTT, 1% aprolinin) with 10 
strokes with a Dounce homogenizer. Unbroken cells were removed by three 
successive ccntrifugations at 10,000 X g for 15 min each time at 4°C. The sample 
was then separated into soluble and particulate fractions by centrifugation at 
100,000 X g and 4°C for 60 min. The protein concentration of each fraction was 
determined by Lowry assay (25). A 75-u,g sample of protein from each fraction 
was denatured in Laemmli sample buffer, separated on an SDS-polyacryl amide 
gel, and transferred to nitrocellulose. RalBPl was delected by immunoblotting 
with an anti-RalBPl serum described above. 

Measurement of GTP hydrolysis rate of p21s. The GTPase activities of RalA, 
RhoA, Racl, and CDC42Hs were measured by a nitrocellulose filtration assay as 
follows. A 2-ji.g sample of each p21 was incubated with cither 10~ 7 M 
[7-* 2 P]GTP or 10" 7 M [a-^PJGTP (650 Ci/mmol; ICN) in the presence of 20 
mM Tris-HCl (pll 7.5)-l mM DTT-5 mM EDTA-40 u,g of bovine scrum 
albumin per ml for 10 min at 30°C in a total volume of 50 The exchange 
reaction was stopped by addition of MgC1 2 (10 mM final concentration). An 8-fJ 
sample of the p21-{7- J2 P]GTP complex was added to 12 uJ of exchange buffer (I 
mM GTP, 40 fig of bovine serum albumin per ml, 20 mM Tris-HCl [pH 7.5], 1 
mM DTT, 25 mM NaCl, 10 mM MgCl 2 ) in the absence or presence of the 
RalBPl GAP domain (positions 86 to 415). The assay was incubated at 30°C for 
RhoA, RalA, and CDC42Hs and at 15°C for Racl. Samples of 15 u.1 were 
removed from each incubation over a 10-min time course and filtered through 
nitrocellulose. The filters were washed twice with ice-cold wash buffer (20 mM 
Tris-HCl [pH 7.5), 150 mM NaCl, 10 mM MgCI 2 ), and the amount of fr- ,2 P]GTP 
still bound to the filters was measured by scintillation counting. RhoA, Rac, and 
CDC42Hs were expressed as GST fusion proteins and obtained in purified form 
after thrombin cleavage. 

Nucleotide sequence accession number. The nucleotide sequence reported 
here has been assigned GenBank accession no. U28830. 

RESULTS 

Identification of a novel Ral-binding protein. A yeast two- 
hybrid system was used to identify potential downstream tar- 
gets of the RalA GTPase (8). A Rai-GAL4 DNA-binding 
domain fusion was constructed in vector pAS-CYH2. A mutant 
Ral protein with a Gln-to-Leu substitution at position 72 was 
used. This protein should accumulate in the active GTP-bound 
state in S. cerevisiae because it has decreased intrinsic GTPase 
activity (15) and fails to respond to Ral-GAP (10). Cys-203 in 
the CAAX box of RalA was also mutated to Ser to prevent 
C-terminal geranyl-geranylation. Such a modification is known 
to target Ral to membrane fractions and may thus prevent 
nuclear translocation of the fusion protein required in this 
assay system. Expression of the fusion protein was confirmed 
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1 gaa ttc egg sco tafl geg ego gga ggc age ggc tgc age gga gag gac gyt cgc teg gcg 

61 sea ggc act ggt gta acg gac agg £qa cag aag acc act tec ctt cct cct cag ggc ttc 
121 age ATG act gag tgc ttc ctg ccc cce acc age age cct agt gaa cae cgc agg gee gag 

1 MTECPLPPTSS PSEHRRAE 

161 cae ggc age ggg ctg acc egg acc ccc age tec gag gag ate age cct aca aaa etc cct 

20HGSGLTRTPSSEEI SPTKFP 
241 gaa ttg tac egg aeg ggt gag cct tea cct ccc cat gac ate etc cae gag cct cct gat 

40CLYRTGEPS P PHDI LHEPPD 
301 ate gtg tea gac gac gag aaa gac cat gga aag aaa aaa gga aaa etc aag aaa aag gag 

60IVSDDEKDHG KKKCKFKKKE 
361 aaa agg act gaa ggc tac etc gee ttc cag gaa gac age tct gga gat gag get gaa agt 

80KRTEGYAAFQEDS SGDEAES 
421 cct tee aag acg aag agg ccc aag ggc acc cat gcg ccc aaa aag ccc age ccc ccc aaa 

100PSKMKRSKGIHVF K g P <; P fi K 
491 aag aag gaa aag gat tct aaa ate aaa gaa aag ccc aaa gaa gaa aag cae aaa gaa gaa 

120 k k r k n p k t g g a e S g S K ti E & B 

541 aag cac aaa gag gaa aag cat aaa gaa aag aaa tgt aaa gac ttc acg gee gee gat gtt 

140 k H K E B K H & £ S K C 2 12 U 1 A A D Si 

601 gtt aaa cag tgg aag gaa aag aag aaa aag aag aag cca act cag gag cea gag gtg ecc 

160 v k o H k k k K B K K K_ PTQEPEVP 

661 cag acg gac gee ccg agt etc aga ccc ate ccc ggc gec cce etc gec gac gca gca gag 

180QTDAPS L R PI FGAPLADAVB 
721 agg acc atg acg tac gac ggc ate egg ctg cca get gtc etc egg gag tgc gtg gac tac 

200 RTMMYDCIRL PAVFRECVD I 

781 atg gag aag cac ggc atg aaa tgc gaa ggc acc Cac cga gcg cca gga ate aaa tea aag 

220 MEKHCM KCE C I X 2 ¥ S £ I B £ K 

841 gta gat gag etc aaa gca gee tat gac cga gag gag tct cca aac ttg gaa gaa tat gaa 

240 vnsiKA AYP E S E & E ti L E B 1 E 

901 cct aac act gta gec age ttg ctg aag cag tat ctg cga gac ctt ccc gag aac ttg ctt 

260 p m t v a s L h K Q 1 L 3 D L 2 E ti — U — L 

961 acc aaa gag cct atg ccc cga ttt gaa gag get tgt ggg agg acc aca gag gtg gag aaa 

260 TTCE T. MPRFFEAPQ B T T E V E B 

1021 gtg cag gag ttc cag cgc Ctg etc agg gaa ctg ccg gag tac aac cat ctt eeg etc tec 

300 vqefori. L B E L E E X iJ ii L — L — L — S 

1081 egg etc att gtg cac atg gac cac gtc ate gcg aag gag ctg gaa acc aag atg aac ate 

320 w i i v h H D H i£ I A B E L & 1 B — H — U — 1 

1141 cag aac ate tec ata gtg ctg age cca acc gtc cag ate age aac egg gee eeg tat gtg 

340 OWIfiTV r. SPTVOr 5 N R V L Y V 

1201 ctt ttc aca cac gtg eaa gag etc ccc ggc acc gtg etc ccg aag caa gta acg aga cce 

360 LPTHVQELFGTVVLKQVTRP 

1261 ctg cgt tgg tec aac aeg gee aca acg cct aca ctg cca gag acc caa gca ggc ate aag 

380 LRWSNMATMPTLPETQACI K 

1321 gaa gaa acc agg aga eag gag ccc etc eeg aac Cgc cca cac cga gac ctg cag ggc ggg 

400 EEIRRQEPLLNCLHRDLQGG 

1381 aca aag gac ecc cce aaa gaa gaa aga cca egg gaa gta cag agg att ctg act gee etc 

420 IKDL8 KEE RLWEVQRI LTAL 

1441 aag aga aag ctg agg gaa get aaa aga caa gag tgt gag acc aag att gca cag gag ata 

440 KRKLREAKRQECETKIAQEI 

1501 ges age ctt teg aag gag gat gtt tee aaa gaa gaa aeg aac gaa aac gag gag gtc aca 

460 ASLSKEDVSKEETNEKEEVI 

1561 aac acc ccc cct gec cag gag aac gag acc ccg acc gag cag gag gag ccc eeg gee acg 

480 N CLLAQENEI LTEQEELLAM 

1621 gag cag ttt ctg cgt cgt cag ate gec teg gag aaa gaa gag att gae cgc etc cga gec 

SOOEQPLRRQIASEKEEtDRLRA 

1681 gag act gcg gag ate eag agt cgc cag cat ggc cgc age gag aca gag gag tac ecc cct 

520 EIAEIQSRQKGRSETEEYSS 

1741 gae age gag age gag age gag gat gag gag gag ctg cag ate att ctg gaa gac tea cag 

540 DSESESEDEEELQIILEDLQ 

1B01 agg cag aac gaa gag tta gaa ata aag aac aac cac ttg aac cag gca gtc cat gaa gag 

560 RQNEELE I KNNHLNQAVHEE 

1B61 egg gag gee acc gtt gag etc cga gtg cag etc egg ctg etc cag atg ctg cga gee aag 

580 REAIVELRVQLRliLQMLRAK 

1921 tct gag cag cog etc cag gag gag gag gag ccc gag agg cga ggg ggc aca ggc cca eta 

600 SEQQLQEEEEPERRGOTCPL 

1981 ccc tgt gaa ggt gtc ccc gag gtg aga gca gee aag gag cag gcg aag ccc cog ccc age 

620 PCEGVLEVRAAKEQAKPSPS 

2041 aaa gac egg aag gag acg ecc acc XQa acc gec ccg gee ctg cgc ace gta ctg eaa gcg 

640 KDRKETP I * 

FIG. 2. Nucleotide and deduced amino acid sequences of the open reading 
frame encoding RalBPl. The start and stop codons bordering the open reading 
frame arc in capitals, and stop codons preceding the first methionine arc under- 
lined. Nucleotide and amino acid sequence numbers are at the left. The sequence 
homologous to Rho-GAP family members (aa 210 to 352) is underlined, as is a 
highly basic region predicted to be ot-helica). 



by immunoblot analysis of yeast extracts with anti-Ral serum 
(data not shown). To identify proteins that interact with Ral, 
the yeast reporter strain, containing pAS-RAL72L,203S, was 
transformed along with a rat brain cDNA library expressed as 
fusions to the GAL4 activation domain in pACT (4). From 2.5 
X 10 6 primary transformants, approximately 200 survived the 
initial histidine selection. Fifteen colonies were also positive 
for the secondary screen, expression of fi-galactosidase. For 
seven of these clones, histidine prototrophy and fi-galactosi- 
dase activity depended on the presence of both plasmids. The 
cDNA library plasmids were transferred into E. coli and sub- 
jected to DNA sequencing, which revealed that six clones (1.6 
kb) were identical and one contained an independent clone of 
the same gene. 

To determine the specificity of this protein-protein interac- 
tion, yeast cells were cotransformed with the 1.6-kb partial 
cDNA for this Ral-binding protein, RalBPl, along with either 
Ral or one of two control fusion proteins, the SNF1 kinase and 
constitutively active Ras. As a positive control, we cotrans- 



abedefgh 




FIG. 3. Tissue distribution of RalBPl expression. Northern blot analysis of 
poly(A) mRNAs isolated from a variety of tissues probed with RalBPl cDNA 
encoding aa 86 to 626. Lanes: a, heart; b, brain; c, spleen; d, lung; e, liver; f, 
skeletal muscle; g, kidney; h, testis. The numbers at the left are molecular sizes 
in kilobases. 



formed SNF1 and SNF4, which are known to interact in the 
two-hybrid system (Fig. 1). All cotransformants grew well un- 
der nonselective conditions in medium containing histidine, 
but only Ral and RalBPl and SNF1 and SNF4 grew well under 
selective conditions in medium lacking histidine. Next, the role 
of the putative effector domain of Ral (aa 37 to 56) in this 
binding reaction was evaluated. The analogous region in the 
mammalian Ras protein (residues 26 to 45) interacts with 
downstream targets such as Raf, Ras-GAP, and RalGDS (6, 
17, 20, 30, 34). Substitution of Asn for Asp at position 38 of 
Ras blocks its interaction with many of these proteins. Thus, 
we introduced an equivalent substitution into Ral (49N) and 
observed that it abolished the protein's interaction with 
RalBPl in S. cerevisiae (Fig. 1). These results show that 
RalBPl interacts specifically with Ral and that this interaction 
requires a functional effector domain. Thus, RalBPl may func- 
tion as a downstream target of Ral. 

The 1.6-kb partial cDNA isolated by the two-hybrid system 
was used as a probe to isolate the entire coding sequence of the 
gene. A single open reading frame was found that coded for a 
647-aa protein with an estimated molecular mass of -75 kDa 
(Fig. 2). The cDNA clone was^ajs^usedjo^pjpbej^theno 
blots c^tatnln ^RNA rfrom a var iety^ojj. Issues, .RalBPl, was 
foundTo"be expressed'in alfof the tissue s examine d as a major 
U^nTcTiptjDf — 4!S ko^Fig.' ^y^^^^ "'" " 
^'^ntisermTi^t^RalBPl^was generated by injecting rabbits 
with a portion of RalBPl (aa 86 to 415) purified from bacteria 
as a fusion protein with GST. When the antiserum was used to 
immunoblot total-cell lysates from rat brain tissue, a predom- 
inant band of ~95 kDa was detecteaTThis b~and~likely repre- 
slm^tirJ^^tBPl^Ca^u^irwas absent when preimmune serum 
was used (Fig. 4, compare lanes a and b). When brain extracts 
were fractionated into cytoplasmic and particulate fractions, a 
similar band was present in both (lanes c and d). The size of 
this 95-kDa band was significantly greater (—20 kDa) than that 
predicted from the cDNA. When the full-length cDNA for 
RalBPl was expressed transiently in COS-7 cells, it also mi- 
grated as a protein of —95 kDa (Fig. 4, lane e). Furthermore, 
when the carboxyl-terminal region of RalBPl (aa 375 to 626; 
see Fig. 6) was expressed as a fusion protein with GST in E. 
coli, it also migrated to the position of a protein —20 kDa 
larger than that predicted (Fig. 4, lane f). Endogenous RalBPl 
in COS-7 cells was below the level of detection in this gel (lane 
g). The discrepancy in apparent size may be due to the abnor- 
mal mobility of RalBPl in SDS-polyacrylamide gels. 

Examination of the amino acid sequence of RalBPl revealed 
that it contained a domain between residues 210 and 352 that 



Vol. 15, 1995 



CDC42 GAP IS A Ral TARGET 4581 



a 


bed 


e 


f g 
























! 



Basic 
a-helix 



RHO-GAP 



Acidic 
a-holix 



FIG. 4. Immunoblol detection or RalBPl in cell extracts. Whole-cell lysales 
(lanes a and b) and cytosolic (lane c) and particulate (lane d) fractions of rat 
brain tissue were run on SDS-polyacrylamide gels and immunoblotted with 
antiserum against RalBPl (positions 86 to 415) or preimmune serum (lane a). 
Alternatively, whole-cell extracts from COS-7 cells (lane g), from COS-7 cells 
transiently transfected with RalBPl (lane e), or from E. coli expressing GST- 
RalBPl (positions 375 to 626) (lane f) were used. Antibody interaction was 
detected by a chemiluminescence assay (Amersham) with horseradish peroxi- 
dase-conjugated anti-rabbit immunoglobulin. The numbers on the left are mo- 
lecular sizes in kilodaltons. The arrow indicates full-length RalBPl. 



is homologous to a family of GAPs for the Rho family of 
GTPases (Fig. 2 and 5). The closest homology was with the 
Rho-GAP domain of BCR (35% identity). Other interesting 
regions of RalBPl that warrant further study are an extremely 
basic region between aa 113 and 172 that contains -35% 
lysines (Fig. 2). Secondary-structure analysis predicted that this 
region forms an a-helix. Another region predicted to be en- 
riched in a-helix (acidic) is between aa 400 and 600. A linear 
map of the protein is presented in Fig. 6. 

Binding of RalBPl to Ral in vitro. The yeast two-hybrid 
system indicated that RalBPl bound specifically to Ral and 
that binding was dependent upon a functional Ra! effector 
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FIG. 5. Alignment of RalBPl with other Rho-GAP family members with 
detected GAP activity against Rho GTPases. Sequence comparisons were gen- 
erated with the PILE-UP program (version 7.2; Wisconsin Genetics Computer 
Group). Identical amino acids are indicated, and highly conserved residues are 
marked in a consensus sequence. 
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FIG. 6. Linear map of RalBPl with putative functional domains and frag- 
ments expressed in recombinant form. Functional and putative functional do- 
mains of RalBPl are marked. Amino acid sequences of RalBPl that were 
expressed in recombinant form are indicated: a, positions 86 to 626; b, positions 
375 to 626; c, positions 86 to 415. 



domain. These results suggested that RalBPl could be a down- 
stream target of Ral. If this is so, RalBPl should bind prefer- 
entially to the active, GTP-bound form of Ral. To confirm this 
hypothesis and to map the region of RalBPl that binds to Ral, 
in vitro binding assays were developed. 

To measure the nucleotide dependence of binding, the orig- 
inal 1.6-kb cDNA (encoding aa 86 to 626; Fig. 6) of RalBPl 
was expressed in COS-7 cells with a Glu epitope added to the 
N terminus. This form of RalBPl was immunoprecipitated 
with anti-Glu antibodies and then incubated with GST-Ral 
bound to either GTP7S or GDPpS. After washing away of 
unbound protein, the immune complexes were run on SDS- 
polyacrylamide gels and immunoblotted with antiserum to 
RalA (Fig. 7A). As expected, only active GTP-bound Ral 
bound tightly to RalBPl (positions 86 to 626). Moreover, the 
binding of RalBPl to Ral was blocked by a mutation in the 
putative effector domain of Ral. 

To localize the binding site for Ral on RalBPl, GST fusion 
constructs containing RalBPl aa 86 to 626, 86 to 415, and 375 
to 626 were generated (Fig. 6). RalBPl (positions 86 to 626) 
contained the same amino acid sequences as those used for 
Fig. 7A. RalBPl (positions 86 to A\S) contained the basic 
a-helix and the Rho-GAP doma in, whereas RalBPl (positions 
375 to 6ib) contained tne remaining carboxyl-terminal se^~ 



quences of the protein, 1 he encoded proteins were then ex- 
pressed in bacteria, purified on glutathione beads, and incu- 
bated with Ral bound to either GTP7S or GDP(JS. After 
washing, the beads were run on SDS-polyacrylamide gels and 
immunoblotted with anti-Ral serum (Fig. 7B). Ral-binding ac- 
tivity was found to be associated with the acidic a-helix-rich 
carboxyl terminus of the protein (lane c) and not with the 
Rho-GAP domain (lane d). RalBPl failed to bind Ras com- 
plexed to either GTP7S or GDPpS (Fig. 7C, lanes b and c). 
The Ras protein was functional because in its nucleotide-free 
bound state, it bound to Ras exchange factor Ras-GRF (Fig. 
7C, lane a). 

GAP activity of RalBPl. RalBPl positions 86 to 415 and 375 
to 626, described above, were tested for GAP activity against 
Rho family members CDC42, Racl, and RhoA, as well as 
RalA. The proteins were preloaded with [7- 32 P]GTP and then 
incubated with RalBPl for various lengths of time. [7- 32 P]GTP 
remaining bound to the proteins was measured to assess the 
rate of GTP hydrolysis (Fig. 8). GTP-binding proteins pre- 
bound to [ot- 32 P]GTP were used as negative controls to assess 
nonspecific losses of GTP. RalBPl (positions 86 to 415) clearly 
enhanced the GTP hydrolysis activity of CDC42 (panel A). In 
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FIG. 7. Ral binding to RalBPl in vitro. (A) Epi tope-tagged RalBPl (posi- 
tions 86 to 626) was transiently transfected into COS-7 cells. The protein was 
then immunopreeipitaled from cell lysates and incubated with either GST-RalA 
or efl'ector mutant GST-RalA49N preloaded with either GTPyS or GDPpS. 
RalBPl -containing beads were then washed, loaded onto SDS-polyacrylamide 
gels, and immunoblotled with anti-Ral serum. S, supernatant from washes; IP, 
washed beads containing RalBPl. (B) GST-RalBPl positions 86 to 626 (lanes b), 
375 to 626 (lanes c), and 86 to 415 (lanes d) were purified from bacterial lysates 
on glutathione beads and incubated with RalA bound to either GTP-yS or 
GDPpS. The beads were then washed, run on SDS-polyacrylamide gels, and 
immunoblotled with anti-Ral serum. Recombinant RalA was run as a size stan- 
dard (lane a). (C) GST-RalBPl (positions 375 to 626) bound to glutathione 
beads was incubated with RasII loaded with either GTP-yS (lane b) or GDPpS 
(lane c). The beads were washed, loaded into SDS-polyacrylamide gels, and 
immunoblotled with anti-Ras serum. As a positive control, nucleotide-free RasH 
was incubated with GST-GRF. The beads were washed and run on the same gel 
(lane a) for immunoblotting with anti-Ras serum. 



contrast, the GAP domain of RalBPl had little, if any, effect on 
Racl (panel B) and no observable effect on RhoA (panel C) or 
RalA (data not shown). RalBPl (positions 375 to 626), con- 
taining the Ral-binding activity, also had no detectable GAP 
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activity on any of these proteins (data not shown), demonstrat- 
ing that RalBPl is not likely to be the previously detected 
Ral-GAP (10). 

DISCUSSION 

Interest in the function of Ral GTPases has increased re- 
cently, with the discovery that Ral GDS, the exchange factor 
that activates Ral, binds to the active GTP-bound form of Ras 
in the S. cerevisiae two-hybrid system and in vitro (17, 20, 34). 
Thus, it is possible that activation of Ral represents a distinct 
downstream pathway from Ras. 

To identify proteins that may mediate Ral function in cells, 
we used the S. cerevisiae two-hybrid system. This report de- 
scribes the cloning and characterization of a novel protein, 
RalBPl, that has many properties expected of such a down- 
stream target of Ral proteins. First, R alBPl binds specifically 
t o the activated GTP-bound form of KalA. Second, this bind- 
in g interaction is inhibited by_a mutation (D49 N )jn the puta 1 " 
tive effector domain ol Kai. In Kas, an analogous Asp-to-Asn 
mutation is known to block interactions with downstream tar- 
gets such as Raf. Since RalB differs from RalA in amino acid 
sequences outside known effector domains, it too likely inter- 
acts with RalBPl. Finally, like Ral proteins, RalBPl displays a 
ubiquitous tissue expression pattern. 

The first clue to the function of RalBPl came from the 
observation that in addition to a Ral-binding domain, the pro- 
tein also contains a Rho-GAP domain . Rho-GAPs are a family 
of proteins that inactivate Rho GTPases by enhancing their 
intrinsic GTPase activity (23). By interacting preferentially 
with the GTP-bound form of Rho proteins, some Rho-GAPs 
may also function to transmit signals from these Rho proteins 
to downstream targets. A property common to Rho family 
members is the ability to influence the actin cytoskeleton (16). 
For example, Rho proteins mediate growth factor alterations 
of focal adhesions and actin stress fibers, while Rac proteins 
link receptors to actin polymerization associated with plasma 
membrane ruffling (16, 28, 29). Moreover, CDC42 has been 
implicated in bud site selection in S. cerevisiae (1) and filo po- 
dium formation in mammalian cells (22, 26). Interestingly, 
these GTPases may form a cascade of GTPase cycles in which 
CDC42 leads to Rac activation, which then leads to Rho acti- 
vation (26). 

At least eight functional mammalian Rho-GAPs have been 
detected. They are a diverse group of proteins with differing 
specificities toward Rho family members. They also contain a 
variety of additional signaling domains that may endow them 
with distinct cellular functions. For example, pi 90 is a GAP for 
all three of the best-characterized Rho subfamilies, Rho, Rac, 
and CDC42 (31). pl90 binds to Ras-GAP upon cell stimulation 
and may help coordinate Ras and Rho signaling pathways. The 
BCR protein contains a Rho-GAP domain that is functional on 
Rac and CDC42 but not on Rho (7). BCR also contains a 
Ser-Thr kinase domain whose function is poorly understood. 
Rho-GAPs such as N-chimerin and B-chimerin are specific for 
Rac. Distinguishing features of these GAPs are their regula- 
tion by lipids and their tissue-specific expression (7, 24). More 
recently, a Rho-GAP containing a phospholipase c-activating 
domain has been cloned. It is a GAP for Rho but not Rac (18). 
Finally, a GAP specific for Rho that contains a myosin domain 
has been characterized (27). This is of particular interest since 
it could directly link Rho proteins to actin. 

RalBPl needs to be added to this growing family of regula- 
tory proteins. RalBPl can be distinguished from these other 
family members in that it displays the greatest specificity to- 
ward CDC42, at least in vitro. Microinjection of CDC42 into 
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FIG. 8. GAP activity of RalBPl. GST RalBPl (positions 86 to 415) was 
incubated with [«y- 32 P]GTP-CDC42Hs (A), fr- 32 P]GTP-Racl (B), or [ 7 - 32 P] 
RhoA (C) for the indicated amounts of time. The samples were then passed 
through nitrocellulose fillers, and the amounts of radioactivity remaining asso- 
ciated with CDC42, Racl, and RhoA were determined by filtering the free 
radioactivity through nitrocellulose filters. GAP activity is indicated by loss of 
radioactive counts from the GTPases. As controls, GST-RalBPl (positions 86 to 



cells has recently been shown to promote actin microspikes 
and filopodium formation (22, 26). Filopodia are aclin-con- 
taining structures which have been proposed to have a sensory 
function in fibroblasts and neural growth cones. Interestingly, 
a similar phenotype has also been noted in cells stimulated 
with the neuropeptide bradykinin (22). In fact, inhibition of 
endogenous CDC42 activation by injection of dominant nega- 
tive CDC42 blocked these effects of bradykinin. Thus, by bind- 
ing to a CDC42-GAP, Ral may influence these actin-mediated 
cellular activities. Since, at least in some cells, CDC42 may 
regulate the activity of Rac and Rho proteins (26), RalBPl 
may also indirectly influence plasma membrane ruffling and 
actin stress fiber formation. 

How might Ral binding to RalBPl influence CDC42 func- 
tion in cells? Ral could attract RalBPl to membrane compart- 
ments where Ral is known to reside. This would lead to local 
inactivation of CDC42. Ral has been detected in plasma mem- 
brane fractions. However, most of the protein was found in 
intracellular vesicles, including clathrin-coated vesicles and se- 
cretory vesicles, suggesting that Ral is rapidly internalized from 
the cell surface (2, 9, 36). Thus, Ral could target RalBPl to the 
plasma membrane to influence CDC42 function in filopodium 
formation. Alternatively, Ral could target RalBPl to intracel- 
lular vesicles, where CDC42 could theoretically influence the 
interaction between vesicles and the cytoskeleton. This model 
is consistent with the existence of many GAPs in cells that have 
the potential to alter CDC42 function at discreet cellular lo- 
cations. This mechanism is also consistent with the emerging 
theme that Ras family members function as regulatable local- 
izing devices for other signaling molecules. 

By binding selectively to the active GTP-bound form of 
CDC42, RalBPl could also function to transmit signals down- 
stream from this GTPase. A body of evidence supports such a 
role for Ras-GAP (3). Again, one would predict that this is a 
localized effect at the site of Ral-RalBPl interactions. Finally, 
Ral binding might inhibit the GAP activity of RalBPl. If 
RalBPl is normally in the vicinity of its target CDC42, activa- 
tion of Ral could then lead to the activation of CDC42. 

RalBPl may mediate additional Ral functions through ac- 
tivities encoded by other regions of RalBPl, such as the basic 
a-helix near its amino terminus. Ral also is known to interact 
with a distinct Ral-GAP that could be responsible for trans- 
mitting other Ral-induced cellular effects (10). 

It is becoming clear that although members of the Ras 
superfamily display distinct functions in cells, they form a 
complicated network of GTPase cycles. For example, the Ras 
GTPase cycle may influence the Ral GTPase cycle (17, 20, 34), 
and here we show that the Ral GTPase cycle has the potential 
to influence the GTPase cycle of CDC42. Ras has already been 
connected to Rho family members through the Ras-GAP bind- 
ing partner, pl90 Rho-GAP (32). In addition, Ras nucleotide 
exchange factors Ras-GRF and SOS have putative exchange 
domains for Rho family members (12). Finally, within the Rho 
family, new data have revealed multiple interactions between 
the activity cycles of Rho, Rac, and CDC42 proteins (22, 26). 
Undoubtedly, these complicated cascades are necessary for 
these GTPases to help coordinate the complex phenotypes 
displayed by eukaryotic organisms. 



415) was incubated with CDC42 and Racl bound to [a- 32 P]GTP. GAP activity 
should not promote the loss of counts associated with the GTPases labeled in this 
fashion. Symbols: O and [7- 32 P]GTP; A and A, (a- 32 P]GTP. Filled symbols, 
RalBPl added; open symbols, no RalBPl added. 



4584 CANTOR ET AL. 



Mol. Cell. Biol. 



ACKNOWLEDGMENTS 

Sharon Cantor and Takeshi Urano contributed equally to this work. 

We thank Steve Elledge for components of the two-hybrid system, 
Ian Macara for the two-hybrid rat brain cDNA expression library, and 
Scott Powers for anti-Glu antibodies. 

This work was supported by a Public Health Service grant 
(GM47717) from the National Institute of General Medical Sciences 
and an American Cancer Society faculty research award to L.A.F. and 
a Human Frontiers Science Program long-term fellowship to T.U. 

REFERENCES 

1. Adams, A. E. M., D. I. Johnson, R. M. Longnecker, B. F. Sloat, and J. R. 
Pringlc. 1990. CDC42 and CDC43, two additional genes involved in budding 
and the establishment of cell polarity in the yeast Saccharomyces cerevisiae. 
J. Cell Biol. 111:131-142. 

2. Bielinski, D. F., N. Y. Pyun, K. Linko-Stentz, I. Macara, and R. E. Fine. 1993. 
Ral and Rab3a are major GTP binding proteins of axonal rapid transport 
vesicles of synaptic vesicles and do not redistribute following depolarization 
stimulated synaptosomal exocytosis. Biochim. Biophys. Acta 1151:246-256. 

3. Boguski, M. S., and F. McCormick. 1993. Proteins regulating Ras and its 
relatives. Nature (London) 366:643-654. 

4. Brondyk, W. H., C. J. McKiernan, IC A. Fortner, P. Stabila, R. W. Holz, and 
I. G. Macara. 1995. Interaction cloning of Rabin3, a novel protein that 
associates with the Ras-like GTPase Rab3A. Mol. Cell. Biol. 15:1137-1143. 

5. Chardin, P., and A. Tavitian. 1986. The ral gene: a new ras-related gene 
isolated by the use of a synthetic probe. EMBO J. 5:2203-2208. 

6. Chuang, E., D. Barnard, L. Ilcttich, X.-F. Zhang, J. Avruch, and M. S. 
Marshall. 1994. Critical binding and regulatory interactions between Ras 
and Raf occur through a small, stable N-terminal domain of Raf and specific 
Ras effector residues. Mol. Cell. Biol. 14:5318-5325. 

7. Diekmann, D., S. Brill, M. D. Garrett, N. Totry, J. Hsuan, C. Monfries, C. 
Hall, L. Lim, and A. Hall. 1991. Bcr encodes a GTPase-activating protein for 
p21Rac. Nature (London) 351:400-402. 

8. Durfec, T., K. Becherer, P.-L Chen, S.-IL Yeh, Y. Yang, A. E. Kilourn, W.-H. 
Lee, and S. J. Elledge. 1993. The retinoblastoma protein associates with the 
protein phosphatase type 1 catalytic subunit. Genes Dev. 7:555-569. 

9. Emkey, R., and L, A. Feig. Subcellular distribution of Ral and its GTPase 
activating protein, Ral-GAP. Submitted for publication. 

10. Emkey, R., S. Freedman, and L. A. Feig. 1991. Characterization of a GTPase 
activating protein for the Ras-related Ral protein. J. Biol. Chem. 266:9703- 
9706. 

11. Farnsworth, C. L., M. S. Marshal, J. B. Gibbs, D. W. Stacey, and L. A. Feig. 
1991. Preferential inhibition of the oncogenic form of RasII by mutations in 
the GAP bindingTeffector" domain. Cell 64:625-633. 

12. Feig, L. A. 1994. Guanine-nucleotide exchange factors: a family of positive 
regulators of Ras and related GTPases. Curr. Opin. Cell Biol. 6:204-211. 

13. Feig, L. A., and R. Emkey. 1993. Ral gene products and their regulation, p. 
247-258. In J. C Lacal and F. McCormick (ed.), The ras superfamily of 
GTPases. CRC Press, Inc., Boca Raton, Fla. 

14. Feig, L. A., B. T. Pan, T. M. Roberts, and G. M. Cooper. 1986. Isolation of 
ras GTP-binding mutants using an in situ colony-binding assay. Proc. Natl. 
Acad. Sci. USA 83:4607-4611. 

15. Freeh, M., I. Schlichting, A. Wittinghofer, and P. Chardin. 1990. Guanine 
nucleotide binding properties of the mammalian RalA protein produced in 
Escherichia coli. J. Biol. Chem. 265:6353-6359. 

16. Hall, A. 1992. Ras-related GTPases and the cytoskeleton. Mol. Biol. Cell 
3:475^79. 



17. Hofer, F., S. Fields, C. Schneider, and G. S. Martin. 1994. Activated Ras 
interacts with the Ral guanine nucleotide dissociation stimulator. Proc. Natl. 
Acad. Sci. USA 91:11089-11093. 

18. Homma, Y M and Y. Emori. 1995. A dual functional signal mediator showing 
RhoGAP and phopholipase C-7 stimulating activities. EMBO J. 14:286-291. 

19. Horton, R. M., H. D. Hunt, S. N. Ho, J. K. Pullcn, and L. R. Pease. 1989. 
Engineering hybrid genes without the use of restriction enzymes: gene splic- 
ing by overlap extension. Gene 77:61-68. 

20. Kikuchi, A., S. D. Demo, Z. N. Ye, Y. W. Chen, and L. T. Williams. 1994. 
RalGDS family members interact with the effector domain of Ras p21. Mol. 
Cell. Biol. 14:7483-7491. 

21. Kinsella, B. T., and W. A. Maltese. 1991. Carboxyl-terminal isoprcnylation of 
ras-related GTP binding proteins racl, rac2 and ralA. J. Biol. Chem. 266: 
9786-9794. 

22. Kozma, R., S. Ahmed, A. Best, and L. Lim. 1995. The Ras-related protein 
CDC42 and bradykinin promote formation of peripheral actin microspikes 
and filopodia in Swiss 3T3 fibroblasts. Mol. Cell. Biol. 15:1942-1952. 

23. Lamarche, N., and A. Hall. 1994. GAPs for rho-rclatcd GTPases. Trends 
Genet. 10:436-440. 

24. Leung, T., B.-E. How, E. Manser, and L. Lim. 1993. Germ cell beta chimcrin, 
a new GTPase activation protein for p21 Rac, is specifically expressed during 
the acrosome assembly stage in rat testis. J. Biol. Chem. 268:3813-3816. 

25. Lowry, O. H., N. J. Rosebrough, A. L Farr, and R. J. Randall. 1951. Protein 
measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-275. 

26. Nobes, C. D., and A. Hall. 1995. Rho, Rac and CDC42 GTPases regulate the 
assembly of multimolecular focal complexes associated with actin stress 
libers, lamellipodia, and lilopodia. Cell 81:53-62. 

27. Reinhard, J., A. A. Scheel, D. Diekmann, A. Hall, C. Ruppert, and M. Bahler. 
1995. A novel type of myosin implicated in signalling by rho family GTPases. 
EMBO J. 14:697-704. 

28. Ridley, A., and A. Hall. 1992. The small GTP-binding protein rho regulates 
the assembly of focal adhesion and actin stress libers in response to growth 
factors. Cell 70:389-399. 

29. Ridley, A. J., H. F. Paterson, C. L. Johnston, D. Diekmann, and A. Hall. 
1992. The small GTP binding protein rac regulates growth factor-induced 
membrane ruffling. Cell 70:401-410. 

30. Schaber, M. D., V. M. Garsky, D. B. Boylon, W. S. Hill, E. M. Scolnick, M. S. 
Marshall, I. S. Sigal, and J. B. Gibbs. 1989. Ras interactions with the 
GTPase-activating protein (GAP). Proteins Struct. Funct. Genet. 6:306-315. 

31. Settleman, J. f C. F. Albright, L. C. Foster, and R. A. Weinberg. 1992. 
Association between GTPase activators for Rho and Ras families. Nature 
(London) 359:153-154. 

32. Settleman, J., V. Narasimhan, L, C. Foster, and R. A. Weinberg. 1992. 
Molecular cloning of cDNAs encoding the GAP-associatcd protein pl90: 
implications for a signalling pathway from Ras to the nucleus. Cell 69:539- 
549. 

33. Shou, C, C. L. Farnsworth, B. G. Neel, and L. A Feig. 1992. Molecular 
cloning of cDNAs encoding a guanine-nucleotide releasing factor for Ras 
p2L Nature (London) 358:351-354. 

34. Spaargaren, M., and J. R. Bischoff. 1994. Identification of the guanine 
nucleotide dissociation stimulator for Ral as a putative effector molecule of 
R-Ras, N-Ras, K-Ras and Rap. Proc. Natl. Acad. Sci. USA 91:12609-12613. 

35. Swick, A G., M. Janicot, T. Cbeneval-Kastelic, J. C. McLenithan, and M. D. 
Lane. 1992. Promotcr-cDNA-dircctcd heterologous protein expression in 
Xenopus lae\'is oocytes. Proc. Natl. Acad. Sci. USA 89:1812-1816. 

36. Volknandt, W., J. Pevsner, L. A Elferink, and R. II. Scheller. 1993. Associ- 
ation of three small GTP-binding proteins with cholinergic synaptic vesicles. 
FEBS Lett. 317:53-56. 



